Abstract. The sensitivity of aerodynamic forces in a bird-like flapping wing was numerically studied by analyzing the aerodynamic force states under different parameters. First, the physical model and the kinematic model of the bird-like flapping wing were separately established. Then the aerodynamic force model was established and some important parameters were analyzed by adopting the Taguchi orthogonal method. Finally, a simulation was carried out, from which the order of the parameters was separately determined according to the parameters' effect on lift or thrust. The results showed that increasing the flapping frequency is one of the most important ways to increase lift and thrust. The lift can be increased by increasing the flight velocity, while the thrust can be increased by increasing the maximum flapping angle. The lift or the thrust becomes larger when the incidence angle is approximately  35 or  55 .
Introduction
The aerodynamic forces of a bird-like flapping wing mainly consist of lift and thrust. The values of these forces directly determine the flying state of a flapping wing robot. When the values are large enough, the robot can carry a heavy weight to complete some tasks, such as carrying cameras to capture bird habits. The aerodynamic forces are determined by several parameters [1] . Therefore, it is important to study which parameters affect the aerodynamic forces with the aim of realizing the robot flight.
Many researchers have widely studied the aerodynamic forces of bird-like flapping wings in recent decades. Stewart, et al. adopted both Peters' aerodynamics and the blade element theory to calculate the aerodynamic forces of a flapping wing [2] . In [3] , the force of a flapping wing under hovering condition was investigated based on the unsteady blade element theory. Using an unsteady aerodynamic model, Sujoy, et al. obtained the aerodynamic forces of a flapping wing actuated by a lead zirconate titanate (PZT) unimorph [4] . In [5] , an unsteady blade element theory model was presented to calculate the aerodynamic forces and the inertial force of a 3D flapping wing. Yang, et al. analyzed the aerodynamic forces of a flapping wing robot by solving the Navier-Stokes equations (N-S equations) in the Fluent software [6] . The temporal and spatial aerodynamic forces of a flexible flapping wing were separately obtained based on the Digital Image Correlation and the Computational Fluid Dynamics (CFD) method in [7] . According to the computed and measured force data, Vinh adopted the panel method and the Fluent software to solve the aerodynamic force of a flapping wing at a low Reynolds number in [8] . Zhang, et al. solved the aerodynamic force of a flapping wing with the unsteady vortex lattice method in [9] .
Several researchers have studied the parameter influences on the performance of a flapping wing robot. The aerodynamic performance of a flapping wing was investigated by solving the N-S equations and the results indicate that the wingspan's flexible deformation should be limited to enhance the aerodynamic performance [10] . The results in [11] indicate that the wing-wake interaction can result in both lift enhancement and reduction. The aerodynamic performance of a butterfly wing was studied under different parameters such as the Reynolds number, the advance ratios and the flapping frequency in [12] . Zhu, et al. established the incompressible N-S equations to investigate the aerodynamic performance of a flapping wing and the results indicate that the aerodynamic characteristics of a wing can be affected by its geometry [13] . To the best of our knowledge, we identify for the first time that minimal attention has been paid to the sensitivity of aerodynamic forces to multi-parameters. However, single or multiple parameters have a great impact on aerodynamic forces, which is significant for further studies.
Based on the physical model, the kinematic model and the aerodynamic model of a flapping wing, the sensitivity of aerodynamic forces was studied under different parameters. This paper is organized as follows: the physical model and the kinematic model of a bird-like flapping wing are established in Section 2. In Section 3, the flapping wing aerodynamic model is established. In addition, the influences of the parameters and their combinations are analyzed using the Taguchi orthogonal method. The numerical analysis and the conclusion are respectively described in Sections 4 and 5. Additionally, this study provides a theoretical basis for adjusting the aerodynamic forces of a bird-like flapping wing robot.
The Kinematic Model of a Bird-like Flapping Wing
Flapping wings have a super-strong ability to adjust aerodynamic forces. Figures 1(a) -(f) are respectively the flapping wing photographs of the golden eagle, the barn owl, the red-crowned crane, the sea eagle, the bald eagle, and the black-footed albatross [14] [15] [16] [17] [18] [19] . The common features of the abovementioned flapping wings are that they are wide and approximate the shape of a rectangle. Referring to the above flapping wings and [20] , a rectangular wing was taken as the research object to investigate the aerodynamic forces. A 3D model of the flapping wing is shown in Figure 2 , from which it can be seen that the front end of the section is smooth while the back end is sharp. Such structures can both improve the wing's strength and produce strong aerodynamic forces. A bird-like robot can fly up and forward through the up-down flapping motion of its wings; a schematic diagram of this is shown in Figure 3 . The aerodynamic forces are the same when the coordinates along the wingspan direction are the same. Based on the blade element theory, a tiny stripe is first selected to calculate its aerodynamic forces. Then, the tiny stripe is integrated along the full wingspan to obtain the aerodynamic forces over the entire flapping wing, which is shown in Figure 4 . The wing usually flaps periodically and hence a cosine function is adopted to establish the kinematic model [21] . As presented in Figure 3 , the flapping angle  and its rate   t   are expressed in Eqs. (1)- (2) respectively:
where max  is the maximum value of
and f is the flapping frequency. 
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The pitching angle  can be expressed in Eq. (3) as follows:
where w is the distance of the tiny stripe along the wingspan direction, W is half the length of the wingspan, max  is the maximum pitch angle, and  is the lag angle between the pitching and flapping angles.
3
The Aerodynamic Model of the Bird-like Flapping Wing and its Influencing Parameters
In this section, the aerodynamic model of the bird-like flapping wing is established [21, 22] . Then, the main influencing parameters of the aerodynamic forces are analyzed and multiple parameters are combined by the Taguchi orthogonal method.
The Aerodynamic Model
As shown in Figure 5 , in order to analyze the forces of the bird-like flapping wing, three coordinate axes, namely, In Figure 6 , the horizontal component x v and the vertical component z v of the relative wind velocity can respectively be represented in Eqs. (4) and (5) as follows: The section Joukowski lift 1 dN is vertical to the wing surface and acts on the middle chord, which can be calculated according to the Kutta-Joukowski theorem in Eq. (7) as follows [22] :
where  is the air density.
The section lift 1 dL can be calculated according to Eq. (8):
where the section lift coefficient
is the Theodorsen function, h c is the chord length, and dw is the tiny stripe width of the wing.
The section drag D d is expressed in Eq. (9) as follows:
where the profile drag 1 dD and the induced drag 2 dD can respectively be calculated by Eqs. (10)- (11):
where 2 c is the profile drag coefficient and 3 c is the induced drag coefficient. (12)- (13):
The tiny stripe lift t L d and the tiny stripe thrust t T d are integrated along the wingspan to obtain the lift ) (t F L and the thrust ) (t F T at a certain time, which is defined by Eq. (14):
In order to evaluate the flapping wing performance from a comprehensive perspective, the lift ) ( 
The Influencing Parameters of Aerodynamic Force
The lift and thrust can be adjusted by changing some important parameters to improve the robot's flying performance. However, it is tedious and time consuming to combine multiple parameters at multiple levels. In order to optimize the experimental numbers, the Taguchi orthogonal method was employed to study the aerodynamic force under multi-parameter combinations [23] .
L is a Taguchi orthogonal array with 9 rows and 4 columns. As shown in L orthogonal array, namely the flapping frequency, the maximum flapping angle, the flight velocity, and the incidence angle. Each parameter is featured with low, medium and high levels, which are respectively expressed by 1, 2 and 3. With the Taguchi orthogonal array mentioned above, the lift and thrust values under different combinations can be obtained using only 9 experiments. Incidence  angle  1  1  1  1  1  2  1  2  2  2  3  1  3  3  3  4  2  1  2  3  5  2  2  3  1  6  2  3  1  2  7  3  1  3  2  8  3  2  1  3  9  3  3  2  1 4
Numerical Analysis
Referring to [24] , a rectangular wing with a cross-sectional NACA0012 airfoil profile was taken as the research object, whose lift and thrust under different parameters were studied.
Aerodynamic Forces When a Parameter Changes
The flapping frequency, the maximum flapping angle, the flight velocity, and the incidence angle of the flapping wing were respectively set as
. Then, the lift and the thrust dependent on time were calculated based on the aerodynamic model of the bird-like flapping wing from Section 3. The aerodynamic force curves in one flapping period are shown in Figure 7 , which is similar to [25] . From Figure 7 it can be seen that the lift value is larger than the thrust value in one flapping period, which is consistent with [21] and [26] . ; hence, the aerodynamic forces are especially sensitive to the incidence angle when its range is . 
Aerodynamic Forces when Two or Three Parameters Change
In the following section, the values of is increased with the increase of the flight velocity. In Figure 10 (e), the shape of ) (t F T appears as a paraboloid, which indicates that the incidence angle can increase the value of more easily than the maximum flapping angle. is an important parameter for flight efficiency. When the value of St is set to 0.25, the flight efficiency is usually high [28] . In other words, less energy will produce more useful aerodynamic forces. After confirming 
St
; which group is used is finally determined by experiment.
The following section discusses the average lift and average thrust of the birdlike flapping wing when three parameters were taken as variables. 
L
Taguchi orthogonal array shown in Table 1 Figure 13 . According to Figure 13 , the values of ) (t Figure 13 (a), it can be seen that ) (t F L reaches the maximum value at combination 7. According to Table 1 , the flight velocity in combination 7 is set as level 3. Therefore, the flight velocity has a notable impact on
. From combinations 7-9 in Figure 13 (b) it can be seen that the maximum flapping angle can to some extent change
For an overall comparison of the simulation results, the results in Figures 8-13 were made uniform in Table 2 . The symbols "○", "¤" and "•" respectively From Table 2 , it can be clearly seen that increasing the flapping frequency is the most important way to enhance the value of 
Conclusions
The aerodynamic forces of bird-like flapping wing robots mainly consist of lift and thrust, which should be adjusted in a timely manner according to a specific flying situation. Therefore, it is extremely important to study which parameters can effectively adjust the aerodynamic forces.
The sensitivity of the aerodynamic forces to multi-parameters in a bird-like flapping wing was studied in this work. First, the physical model and the kinematic model of the bird-like flapping wing were separately established. Second, the aerodynamic model of the flapping wing was built based on the blade element theory, the aerodynamic forces under multi-parameters were studied by adopting the Taguchi orthogonal method. The following conclusions were obtained from the numerical simulation. According to the influence on lift from strong to weak, the parameters can be ordered as follows: the flapping frequency, the flight velocity, the incidence angle and the maximum flapping angle. The parameter order according to their effect on thrust is: the flapping frequency, the maximum flapping angle, the flight velocity and the incidence angle. Increasing the flapping frequency is the most important method that can be used to enhance the lift and the thrust. The lift increases with the increase of the flight velocity, while the thrust can be enhanced by increasing the maximum flapping angle. The lift or the thrust attains maximum values within the conditions of a  35 or  55 incidence angle. The maximum values of lift or thrust appears when the effects of the above parameters on the lift or the thrust are the strongest.
In this work, some methods for adjusting the aerodynamic forces of a singlejoint wing were obtained. As the structure's strength is extremely important to reach the aerodynamic forces, which will be studied in our future work.
